We previously reported that a diet containing 65% paddy rice suppressed the colonization of Campylobacter jejuni in the cecum of broiler chicks, suggesting that this type of diet has positive effects on upper gastrointestinal tract function in broilers. To reveal the possible mechanisms involved in this antibacterial effect of the whole-grain paddy rice diet, we performed experiments comparing the digesta passage rate in the crop and gizzard, the development of gizzard, and the pH distribution in the gizzard between groups of chicks fed two different diets, such as ground corn and whole-grain paddy rice. During these experiments, we made the following observations: the chicks in the group fed the whole-grain paddy rice diet had more developed gizzards and significantly larger crop content than the chicks in the group fed the ground corn diet. The chicks fed the whole-grain paddy rice diet retained the digesta in the crop for much longer and had less variation in the pH values in the gizzard than those fed ground corn. On the basis of these observations, we concluded that the hardness of the rice hull in whole-grain paddy rice leads to a larger amount and longer retention of content in the crop, as well as the uniformity of the internal pH of the gizzard, by promoting gizzard activity. We speculate that the hardness of the rice hulls promoted the grinding activity of the gizzard, resulting in the long retention time of the digesta in the crop and uniformity of the internal pH of the gizzard, which may sterilize or suppress Campylobacter growth in the gastrointestinal tract of broiler chicks.
Introduction
Chickens have several natural barriers in their upper gastrointestinal tract that help prevent pathogenic bacterial infection (Moen et al., 2012) . For example, in the crop and gizzard, the most dominant bacteria is Lactobacillus (Rehman et al., 2007) , which exerts a bactericidal or bacteriostatic effect on invading pathogenic bacteria by producing organic acids and bacteriocins (Fuller, 1973; Jin et al., 1996) . In addition, the gizzard maintains a low pH, which produces a bactericidal environment for many bacteria, including Campylobacter, via the secretion of hydrochloric acid from the glandular stomach. As the gizzard plays a role in promoting digestive activity in the lower part of the digestive tract by triturating feed particles, its activity is influenced by factors such as hardness and the type and proportion of dietary fiber in feed (Nir et al., 1994b) ; as a result, the gizzard pH decreases, and it takes longer for gizzard contents to pass to the lower part (González-Alvarado et al., 2007; Jiménez-Moreno et al., 2009a) . For example, by adding insoluble dietary fibers such as oat hulls in the diet of chickens, the gizzard pH decrease and this reduces the frequency of Campylobacter and Salmonella infection or a small number of bacteria in the intestinal tract in young broilers (Bjerrum et al., 2005; Santos et al., 2008) .
In our previous study (Nishii et al., 2015) , we examined the inhibitory effect of a diet containing whole-grain paddy rice on the colonization of C. jejuni in the cecum of broiler chicks and reported that feeding a diet containing 65% Whole-grain paddy rice to broiler chicks from 2 weeks of age significantly inhibited C. jejuni colonization in the cecum of chicks inoculated with the bacteria at 4 weeks of age. We also observed that the mean ratio of gizzard weight to body weight of the chicks fed the whole-grain paddy rice diet was significantly higher than that of control chicks fed a ground corn diet. Therefore, we speculated that feeding of wholegrain paddy rice to chicks caused the inhibition of C. jejuni colonization in the cecum of broiler chicks, to the same extent as that caused by the feeding of oat hulls, by the improvement in gizzard activity, the decrease in gizzard pH, and the longer retention of contents in the gizzard.
In the present study, we focused on comparing the pH distribution and internal pH in the gizzard, bacteriological trend of the crop contents, and digesta passage rate in the crop and gizzard. Finally, we discussed the possible mechanism of the inhibitory effect of the whole-grain paddy rice diet on C. jejuni colonization in the upper gastrointestinal tract of broiler chicks.
Materials and Methods

Animal Care
All procedures involving animals and their care conformed to the Guidelines for Proper Conduct of Animal Experiments (Science Council of Japan, 2006) .
Experiment 1
Chick rearing and feeding procedures were similar to those conducted in our previous study (Nishii et al., 2015) . Eighty 1-day-old female broiler chicks (Chunky) were raised in a flock-rearing area that was approximately 2 m 2 in size and covered with sawdust in a windowless broiler house. The rearing area temperature was controlled at 34℃ on the first day of rearing and was gradually lowered to 25℃ until the chicks reached 14 days of age. After 15 days of age, the room temperature was kept between 20 and 25℃. The duration of light exposure was continuously controlled until 7 days of age, and after 8 days, it was maintained at 20 h per day. During the experiment, the feed intake and body weight of the birds were measured weekly. The chicks were given a starter feed until 14 days of age (Table 1) containing ground corn (68.5% on a weight basis) crushed into particles of less than 1.4 mm in size.
On day 14, the chicks were allocated into three groups: ground corn diet (GC), whole-grain paddy rice diet (WPR), and brown rice diet (BR). The diets for each group are shown in Table 1 . The ground corn was supplied by Yao Feed Co., Ltd. (Osaka, Japan), and the whole-grain paddy rice (Momiroman) and brown rice were obtained from Kyoto Prefecture Agriculture Experiment Station (Kameoka-Shi, Kyoto, Japan). The particle size distributions of the three diets were determined by the dry sieving method and are summarized in Table 2 . The feedstuff did not contain any antimicrobials or coccidiostats. All chicks had free access to feed and water throughout all the experiments.
During the experiment, the birds' feed intake and body weight were measured weekly. At 28 and 42 days of age, eight chicks from each flock were randomly selected and weighed, killed by anesthesia overdose by intravenous injection (sodium pentobarbital, Somnopentyl; Kyoritsu Pharmacy, Tokyo, Japan), and then dissected. The contents of each segment in the digestive tract (crop, proventriculus, gizzard, duodenum, jejunum, ileum, and cecum) were removed onto a plastic plate under aseptic conditions and weighed. A portion of the content (0.1 g) was collected for bacterial culture, and the remaining portion was subjected to the following analyses. The content was added to two volumes of deionized water in a 50-ml centrifuge tube, and the suspension was mixed using a vortex mixer for 1 min. The pH of the diluted mixture was measured using a glass electrode pH meter (9615-10D; Horiba, Kyoto, Japan) twice for each mixture. The empty gizzard was then washed with water, dried with desiccant paper, and weighed.
The total viable bacterial counts of Lactobacilli, coliform bacteria, and lactose-negative enterobacteria in the contents of the crop, gizzard, ileum, and cecum were quantitatively detected. The contents of each segment were diluted 1:10 (w/v) in dilution anaerobic buffer solution [composition in 1000 ml of purified water: KH 2 PO 4 , 4.5 g; Na 2 HPO 4 , 6.0 g; L-cysteine hydrochloride, 0.5 g; Tween 80, 0.5 g; agar, 1 g (Mituoka, 1994) ], and the first diluted suspension was serially diluted in 10-fold steps using the dilution anaerobic buffer solution. Subsequently, the suspensions were spread onto the following agar culture media: Lactobacillus selective LBS agar (BBL, Becton Dickinson and Company, Sparks, MD, USA) supplemented with 0.8% Lab-Lemco Powder (Oxoid Ltd, Basingstoke, Hampshire, England), 0.1 % sodium acetate trihydrate, and 0.37% acetate (modified-LBS) for Lactobacilli and MacConkey agar (Oxoid Ltd, Basingstoke, Hampshire, England) for coliform bacteria and lactose-negative enterobacteria. Modified-LBS agar plates were anaerobically incubated at 37℃ for 48 h, and all growing colonies were counted. MacConkey agar plates were aerobically incubated at 37℃ for 24 h, and coliform bacteria and lactose-negative enterobacteria were counted as red and colorless colonies, respectively.
Experiment 2
One hundred 1-day-old female broiler chicks (Chunky) were raised in the same manner as that in Experiment 1. On day 14, the chicks were allocated into two groups: GC and WPR. At 28 days of age, 17 chicks from each group were randomly selected and weighed and were killed by the same method as that in Experiment 1 (anesthesia overdose by injection). The gizzard and proventriculus were removed from the chicks, and the removed gizzard was incised from the ventral side of the proventriculus along the median line using surgical scissors to expose the gizzard content. Immediately after the incision was made, 10 portions of the content, approximately 0.5 g each, were gently removed from the exposed content using a small pair of tongs at the 10 positions shown in Fig. 1 . These portions were put on the measurement section of a pH meter (B712; Horiba, Kyoto, Japan), added to 0.5 ml of deionized water, gently mixed, and the pH was then measured within 10 min after removal. The sites of content sample collection depicted in Fig. 1 are anatomically labeled as follows: ① and ⑩: the vicinity of the proventriculus (proximal site), ⑧ and ⑨: near the pylorus Nishii et al.: leading to the duodenum (distal site), and ②-⑦: the others (middle site).
Experiment 3
At 29 days of age, 32 birds from each group (GC and WPR) were randomly selected and orally administered 1 ml of titanium dioxide-water solution (0.0426 g/ml) (Wako Pure Chemical Industries, Osaka, Japan) using a 1-ml syringe attached to a flexible tube. Four birds from each group were killed by the same method as that in Experiment 1 (anesthesia overdose by intravenous injection) at 20, 40, 60, 80, 100, 120, 180, and 240 min after the administration of the titanium dioxide solution. Immediately after killing, the crop was removed from the birds killed at 20, 40, 60, 80, 100, and 120 min. The gizzard was also removed from the birds killed at 60, 120, 180, and 240 min. The contents of the crop and gizzard were transferred into 100-ml beakers and dried at 105℃ overnight using a ventilation dryer. The dried content was crushed using a food mill and was then subjected to quantitative determination of titanium dioxide by the method by Short et al. (1996) .
The mean retention time (MRT) of the digesta was estimated using the following calculation, where t (min) is the elapsed time after the administration of titanium dioxide to the chicks and R crop (t) and R gizzard (t) are the residual amounts of titanium dioxide in the crop and gizzard, respectively, assuming that the residual amount of titanium dioxide in the crop at the time of administration of titanium dioxide (t＝0),
where the small italic letters, a and b, are constants. By solving these differential equations, the following equations are obtained.
R crop (t)＝e -at (1) for the crop R gizzard (t)＝[a/(a−b)](e -bt −e -at ) (2) for the gizzard Finally, MRTs are calculated as follows (Dhanoa et al., 1985) :
(4) for the gizzard The residual amounts of titanium dioxide in the crop and gizzard measured at each time point after its administration in the present experiment were substituted into equations (1) and (2), respectively, and the constants, a and b, were determined by the least squares method. These calculations were conducted using the solver function of Microsoft Excel 2010 (Redmond, WA, USA). MRTs in the crop and gizzard were calculated by equations (3) and (4), respectively.
Statistical Analysis
In Experiment 1, the differences in the mean values of the chicks' body weight, relative weight of the gizzard, pH and weight of the content of the gizzard, and the bacterial counts in the contents of the crop, gizzard, ileum, and cecum between the chick groups were statistically analyzed by multiple comparisons using the Tukey-Kramer test. In Experiment 2, the differences in the pH values among the three sites were analyzed using two-way analysis of variance (ANOVA) (the factors were the chicks' groups and mea-sured sites). When a significant difference was observed in the dispersion component, the mean value of the component was subjected to a significant difference test using the Tukey-Kramer method. The coefficient of variations of the individual chicks was calculated, along with the mean and the standard deviation of the pH values at the 10 measurement points of the gizzard for each chick. Significant differences of the mean of the coefficient of variation were analyzed using ANOVA. P-values less than 0.05 were considered statistically significant. Both tests were conducted using Microsoft Excel 2010 add-in software. Table 3 shows the comparison of the change in the mean body weight of the chicks in the three experimental groups in addition to their feed intake during Experiment 1. Although the feed intake was not significantly different between the three groups during the observation period, the mean body weight of the chicks in the BR group was significantly higher than that of the GC and WPR groups at 28 (p＝0.021) and 42 (p＝0.041) days of age. Table 4 shows the comparisons of the relative weights of the gizzard and pH values in the crop and gizzard among the three groups. Statistical analysis (Tukey-Kramer test) showed significant differences in the relative weight of the gizzard (gizzard weight/100 g of body weight) of the chicks among the three groups: at 28 (p＜ 0.001) and 42 (p＜0.001) days of age, the value of this parameter was significantly higher in the WPR group than in the other two groups. The order of the relative weights of the gizzard was WPR＞GC＞BR. There was no significant difference between any pair of the mean pH values of the contents of the crop and gizzard at any age in the chicks.
Results
Experiment 1
Tables 5 and 6 show the weight of the content of the crop, proventriculus, gizzard, ileum, and cecum at 28 and 42 days of age, respectively. At 28 days of age, there was significantly more content in the crop in the WPR group than in the GC group (p＝0.004); in the lower gastrointestinal tract, there was significantly more content in the duodenum and ileum in the WPR group than in the BR and GC groups (p＝ 0.018). At 42 days of age, there was significantly more content in the crop in the WPR group than in the GC group (p ＝0.001), and in the lower gastrointestinal tract, there was significantly more content in the ileum in the WPR group than in the GC group (p＝0.005). Table 7 shows the populations of Lactobacilli, coliform bacteria, and lactose-negative enterobacteria in each segment at 28 and 42 days of age. At 28 days of age, the GC group had the lowest numbers of Lactobacilli in the gizzard among the three groups, and the number of Lactobacilli in the cecum of the GC group was significantly lower than that of the BR group (p＝0.006); further, there were no significant differences in the number of Lactobacilli in the crop or ileum among the three groups at either 28 or 42 days of age. The number of coliform bacteria did not significantly differ among the three groups, and neither was there any significant difference among the various segments or at any age, except for between the WPR and BR groups in the ileum at 28 days of age. Lactose-negative enterobacteria were not detected in the gizzard of chicks in the three groups at any age. Experiment 2 Table 8 shows the comparison of the mean pH values in the three sites (proximal, distal, and middle site) between the GC and WPR groups. In the WPR group, there were no significant differences in the pH values among the three sites; conversely, in the GC group, the pH value at the proximal site was significantly lower than that of the other two sites. To clarify the uniformity of the pH distribution in the gizzard, we calculated and compared the coefficient of variations of the pH values at the 10 measurement sites for each group. As shown in Table 8 , the coefficient of variation for the WPR group was significantly smaller than that of the GC group (p＝0.026), which suggests that the variation of pH values in the gizzard of the chicks in the WPR group was less than that of the chicks in the GC group. In order to examine survival pH ranges of Campylobacter, we summarized the three pH range frequency in the gizzard in the two chick groups as Table 9 . This table shows that the sampling sites with pH values lower than pH 3 and higher than pH 4 accounted for 29.1% and 15.0% (on average), respectively, of all the sampling points in each group (n＝170). Experiment 3 Figures 2 and 3 show the amount of titanium dioxide detected in the crop and gizzard, respectively, after various lengths of time following the administration of titanium dioxide as a percentage of the initial amount of titanium dioxide. These figures also show the residual curves drawn using Equations (1) and (2). MRT was calculated based on these regression curves (Table 10 ). In the GC group, MRTs through the crop and gizzard were 41 and 34 min, respectively. In the WPR group, MRTs through the crop and gizzard were 115 and 21 min, respectively. Titanium dioxide was retained in the crop for longer in the WPR group than in the GC group, whereas there was no difference in MRT in the gizzard between the two groups.
Discussion
The gizzard plays a role in grinding coarse feed particles until a certain minimal critical size by performing its muscular activity, before its contents are passed into the lower digestive tract. Therefore, when chicks are fed feed materials of certain grinding resistance, they develop stronger gizzard function (muscular activity) than when fed regular chicken feed. These phenomena have been reported for diets containing oat hull (Jiménez-Moreno et al., 2009b; González-Alvarado et al., 2010; Mateos et al., 2012) , coarsely crushed corn (Nir et al., 1994a, b; Singh et al., 2014) , and whole wheat (Engberg et al., 2004; Bjerrum et al., 2005; Gabriel et al., 2008) . In the present experiment, the level of gizzard development was in the order of WPR＞GC＞BR (estimated by the relative weight of the gizzard; see Table 4 ). This observed order of gizzard development seems to be consistent with the frequency of resistance of grinding activity in the gizzard, when each feed material was soaked with water in the crop. This soft property of brown rice is confirmed by the fact that brown rice has a constant stiffness in the dry state, but absorbs water easily and softens when it is soaked for 15-30 min in water (Jagtap et al., 2008; Kong et al., Nishii et al.: Gastrointestinal Effect The data are presented as the mean±standard error of the mean. 1 The ground corn diet. 2 The whole-grain paddy rice diet. 3 Contents at the collected site ① and ⑩ in Figure 1 . 4 Contents at the collected site ②, ③, ④, ⑤, ⑥, and ⑦ in Figure 1 . 5 Contents at the collected site ⑧ and ⑨ in Figure 1 . 6 The coefficient of variance was calculated on the basis of 10 sites in the gizzard of individual chicks. a, b Means within the same row with different superscripts are significantly different (p＜0.05).
x, y Means within the same column with different superscripts are significantly different (p＜0.05). 2 2011). In contrast to brown rice, paddy rice is composed of brown rice and hulls; the proportion of rice hulls is equivalent to approximately 20% by weight of paddy rice. Rice hulls are highly resistant to grinding in the upper digestive tract because they have a silica layer inside the backbone of the epidermis, which forms a hard, rough surface that imparts a specific texture. A previous study reported that gizzard development is superior in chicks fed a diet containing 2.5% or 5% rice hull than in those fed a diet without rice hulls (Mateos et al., 2012) . In the present study, we used a wholegrain paddy rice diet containing 60% paddy rice (Table 1) , which corresponds to a diet containing 12% rice hulls. Therefore, we presume that the texture of the hulls in paddy rice enhanced the grinding activity of the gizzard, thus promoting gizzard development.
In Experiment 1, there was no difference in the pH of the gizzard contents among the three groups. However, in Experiment 2, we found variations in pH in the gizzard contents in the GC and WPR groups; the mean coefficients of variation of the 10 pH measurement sites in the individual chicks were 0.1079 and 0.0785 for the GC and WPR groups, respectively (Table 8 ). We interpreted the mechanism of these pH variations observed in the gizzard as follows. The pH at the proximal site (①⑩ in Fig. 1) was generally low because gastric juice from the proventriculus flows into this site. The higher pH at the distal site ( Fig. 1 ⑧⑨) reflects the inflow of bicarbonate and bile from the duodenum associated with reverse peristalsis (Duke, 1992) . In addition, calcium salts in the diet work as a buffer to raise the pH in the gizzard (Guinotte et al., 1995; Lawlor et al., 2005; Walk et al., 2012) . The inflow and outflow of feed particles simultaneously occur in the gizzard, producing dynamic changes in the pH; as a result, the gizzard contents have various pH values.
Additionally, we found that the coefficient of variance of pH in the gizzard contents in the WPR group was significantly smaller than that in the GC group (Table 8) . There was no significant difference in the pH values at the three sites in the WPR group, whereas in the GC group, the pH value at the proximal site was significantly lower than that at the other two sites (Table 8) . These results may explain the fact that the orally ingested Campylobacter survived in the gizzard of the WPR group in our previous study (Nishii et al., 2015) . The optimum pH of Campylobacter has been reported as pH 6.5-7.5 (Jackson et al., 2009) . In in vitro ex- periments, Chaveerach et al. (2002) showed that the numbers of Campylobacter decreased at values lower than pH 4 and that Campylobacter is sterilized at pH values below 3. In the present study, the average pH range of the gizzard was pH 3.3 to 3.4, and the number of Campylobacter was reduced under these conditions. While the average pH in the gizzard was low enough to prevent bacterial growth, 15% of the points for the measurement of pH in the gizzard had values higher than pH 4, i.e., the viable pH range for bacterial growth, which would enable Campylobacter to survive (Table 9 ). Under such conditions (the gizzard has points where Campylobacter may be able to survive), the promoted grinding activity of the gizzard could contribute to the elimination of these high pH areas in the gizzard through uniform pH distribution if the gizzard content was sufficiently mixed. The results of our study show that when broiler chicks are fed whole-grain paddy rice, the coefficient of variation of the gizzard pH is significantly smaller than that in chicks fed ground corn. Thus, we surmised that the hardness (grinding resistance of the food material) of the whole-grain paddy rice promoted the development of the activity of the gizzard and the uniformity of the internal pH of the gizzard, thus eliminating the areas of higher pH in the gizzard where Campylobacter can survive.
MRT of the gizzard contents was similar between the GC and WPR groups ( Table 10 ). The grinding activity of the gizzard crushes coarse feed particles until a certain critical size is selectively retained ingested feed in the gizzard, before passage of the food to the lower gastrointestinal tract (Svihus, 2011) . Therefore, in this experiment, MRT in the gizzard may have been influenced by the rheological properties due to their particle sizes of the marker used. A previous study used Cr-mordanted sunflower hulls and titanium dioxide as markers and showed that MRT of titanium oxide in the gizzard was significantly shorter than that of Cr-mordanted sunflower hulls (Rougière and Carré, 2010) . We speculate that the insoluble fraction such as hulls of paddy rice in WPR retained in the gizzard for long time than the marker of titanium dioxide, because whole-grain paddy rice was resistant to milling as Rougière and Carré (2010) found that sunflower hulls were retained in the gizzard.
In the present study, there was significantly more content in the crop in the WPR group than in the GC group (Tables 5  and 6 ). Thus, we discuss the possible causes for variations in the crop content and its inhibitory effect on Campylobacter below.
The crop is a storage organ that holds the ingested feed to be sent to the gizzard (Jackson and Duke, 1995) . The storage of feed in the crop, therefore, is closely related to feed intake regulation, such as the frequency of feeding and the time spent feeding. The accumulation of feed in the crop (large crop content) has been reported in chickens subjected to time limitations for feeding, such as intermitting feeding, lighting schedule, and some feed types (Barash et al., 1993; Duve et al., 2011) . In contrast, with ad libitum feeding, chickens eat small amounts approximately every half hour and do not tend to store ingested food in the crop (Svihus, 2014) . In the present study, the chicks were raised under ad libitum feeding conditions, and the amount of crop content in the GC group (Tables 5 and 6 ) was small (6.6±1.4 g and 4.2 ±1.1 g at 28 and 42 days of age, respectively), which is in agreement with the findings reported by Svihus (2014) . However, Tables 5 and 6 show that although the chicks in the WPR group were raised under ad libitum feeding conditions, they had significantly larger crop contents (16.0±2.9 g and 30.2±5.4 g at 28 and 42 days of age, respectively) than those of the GC group. This phenomenon could be explained by Savory's (1985) findings that chickens had the largest crop and gizzard contents when they were fed diets nutritionally "diluted" by adding 40% cellulose. In our experiments, the whole-grain paddy rice diet contained 15% less metabolizable energy than the ground corn diet (Table 1) because the hulls of paddy rice are not digestible. In other words, the whole-grain paddy rice diet supplied in this experiment could be considered as a diluted feed similar to that described by Savory (1985) .
Also, it is likely that the decrease in the passage of digesta to the lower gastrointestinal tract results from the hulls in the whole-grain paddy rice diet, which are resistant to grinding, and they are thus retained in the gizzard for a long time (Vergara et al., 1989) . It seems to become a limiting factor (regulator) of feed digestion of the entire gastrointestinal tract like as a time limit for feeding or food deprivation. We speculate that whole-grain paddy rice acts as a nutritionally "diluted" cereal and adds resistance to the grinding activity in the gizzard. Feeding whole-grain paddy rice to broiler chicks may result in the accumulation of large amounts of feed in the crop in order to avoid hunger, or in other words, to satisfy energy requirements by increasing the feed intake (Denbow, 1994; Ferket and Gernat, 2006; González-Alvarado et al., 2010) .
This larger crop content likely led to the effect of "the larger the crop content, the longer the retention in the crop" observed in this study (in Experiment 3; Fig. 2 , Table 10 ). Table 10 shows that MRTs of the digesta in the crop were 41 and 115 min in the GC and WPR groups, respectively. We speculate that the longer retention time in the crop of the chicks in the WPR group played an important role in the suppression of Campylobacter in our previous report (Nishii et al., 2015) . The reason for this is that Lactobacilli, which are the dominant flora in the crop, suppress the survival of pathogenic bacteria that have entered via the oral route, depending on the contact time with Lactobacilli. Chaveerach et al. (2002) reported that when 10 3 CFU/g of Campylobacter were exposed to pH 4.5 or pH 5.0 water-diluted acetic acid, the number of bacteria decreased over time and were not detected after 2 or 8 h, respectively. In the present study, there was no significant difference in the number of Lactobacilli or in the pH of the crop content between the GC and WPR groups; however, the pH range in the crop was low enough to inhibit bacterial growth. Therefore, when the crop is invaded by Campylobacter, it is possible that the longer retention of the content in the crop in chicks fed whole-grain Nishii et al.: Gastrointestinal Effect of Paddy Rice Feeding paddy rice may have a sterilizing or bacteriostatic effect on the Campylobacter. Thus, we surmised that the larger amount and longer retention of the crop content in the WPR group may exert a bacteriostatic effect due to the longer coexistence of the pathogenic bacteria with Lactobacilli, which exhibits bactericidal and bacteriostatic actions, due to the low pH in the crop.
Although the different diets had no effect on the pH range in the gizzard, bacterial growth was inhibited as the gizzard maintains a lower pH environment than that in the crop, which is supported by our observation that the populations of Lactobacilli, coliforms, and lactose-negative enterobacteria in the gizzard were significantly smaller than those in the crop ( Table 7) . The amount of Lactobacilli in the gizzard of the chicks in the WPR group, BR was significantly higher than that of GC, it is not obvious why the populations of Lactobacilli in the gizzard were different between three diets.
In conclusion, we speculate that there are two reasons why a whole-grain paddy rice diet inhibits C. jejuni colonization in the cecum of broiler chicks. First, the hardness (grinding resistance of the food material) of the whole-grain paddy rice promoted the development of gizzard activity; thus, this stronger grinding activity of the gizzard eliminated the areas of higher pH in the gizzard where Campylobacter could survive. Second, the larger amount and longer retention of the content in the crop in the WPR group had a bacteriostatic effect due to the longer co-existence of the pathogenic bacteria with Lactobacilli, which exhibit bactericidal or bacteriostatic action, due to the low pH in the crop.
